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ASYMMETRIC HYDROGBNATION OF P- or y-KETOESTERS ANI 
P- or Y-KETO AMIDES 

S SUMMARY OF THE INVENTinN 

This is a cootiniiatiQa in part of copoiding aiq>lication Ser. 

No. 07/922355 filed 13 July 1992. 

The present invention relates to a novel process in which it 

has been ^own that in fte presence of trace amotmts of strong acid an 
10 asymmetric hydrogmation proceeds at low temperatures and readily 

attainable pressures with substrate/catalyst ratios iip to about 10,000. 

The reaction can be carried out at pressures of less than or equal to 1 50 

psi as such the reacti(» does not reqmie special equipment to run the 

reaction and can be carried out on a pUot plant scale. 
^ ^ Another aspect of dus invention is a simple reproducible 

procedure for preparation of purified catalyst This invention also 

relates to the identification of the catalyst responsible for canying out 

this process. 



QFTHEINVKNTTOKr 



Asymmetric hydrogenation using the Ru(II)-BlNAP or 
Ru(n)-t-BlNAP systm (Ruthenium Conqilexes of 2.2 -his(diphenyl- 
phosphmo)-l,l'-binaphlhyi or 2,2'-bis(di-p-tolylphosphino)-l,l - 
binaphthyl) introduced by Noyori. et a1. provides high enantioselectivity 
25 over a wide range of substrates witti ranaikable turnover (Noyori et al. 
ACC. Chern, Kf-s.. 21. 345 (1990)). However, aU reports concemmg the 

reduction of p^ketoesters Qioycri et aL, J.Am. Chem. Sor. 109 5856 
(1987)) suffer from die need for temperaUues greater than SOX or 
hydrogen pressures greato than 6895 N/D)m2 when special apparatus 
30 is required (Kilamura et al.. Tetrahedron I^. 



et al. Tetrahedron I^.. 22, 4227 (1991); Keck et al, J. Org. Qiem .. ^, 
6606(1991)). 
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IGURES 



Figure 1. 

250 MHz IH NMR of [(C2H5)2NH2mu2a5((R)-BINAP)2]-*CH3Ph 
in CD2CI2 at room tempeiatuie. 

5 

Hguie 2. 

Expansion of the 3.0 ppm to 3.5 ppm region of 400.13 MHz 1h NMR 
of [(C2H5)2NH2]+rRu2a5((R)-BINAP)2]-*CH3Ph in CD2CI2 at -40^C 
(a) is the fuUy coupled spectnun of this regirai; (b) is the decoupled 
spectrum of this region resulting from the irradiation of the peak at 
8.53 ppm; and (c) is the decoupled sjxtctrum of this region resultmg 
from the irradiation of the peak at lAl ppm. 



OFTHR 



1 5 The novel process for the asymmetric reduction of or y- 

ketoesters and p- or iMcetoamides comprises adding a diiral mthenium 
BINAP or t-BINAP catalyst, for cxan^ite [(C2H5)2NH2j+[Ru2a5[(S)^ 
BINAPI2)-, [(C2H5)2NH2l+[Rii2Cl5[(SH-BlNAPl2]-» 
[Rua(PhH)(BlNAP)]a or [Rua(PhHKt-BINAP)]Cl catalyst to a 

20 solution of the P- or yJcetoesters and p- or y^ketoamides in a C1-3 
alkanol, prefCTably methanol, followed by die addition of a strong acid 
and reducing the P- or y-ketoesters and p- or y-ketoamides by agitation 
in the presence of hydrogen. 




I 



wherein: 



r1 is straight or branded C1-C4 alkyl; 
XisOorNR^; 



WO^g784 



FCT/US»00117 



Y is C(R2)2 or a single bond; 

* 

R2 is: H, or straight or biancbed C1-C6 alkyl; 

R3 is: H, straight or brmched Cl -C6 alkyl. CH2NHCOR6, or Rl 
and r3 taken together fonn a lactone or cyclic amide of 5 
to 7 atoms one of whidi is an oxygen or nitrogen; 

R4is: 

• (a) CH3. 



10 




(b) CHgCI , 



15 




NHBoc 




20 



NHBoc 



-CH CHf— QH 




NHBoc 



25 



30 
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OMs 



I 

Boc 

10 ^OH 



CD 



I 

H 



0) ^H, °' 



15 lU 

(k) CH2CH2CH2CX;H3; 

R3 and R4 tafcen together fonn a ring of 5 to 7 caibons, in which 
R3 and R4 represent a carbon cbain of 3 to 5 caibons; 

is straight or branched C1-C4 alkyl. or CO2 C1-C4 alkyi; 
and 

25 r6 is straight or branched C1-C4 alkyl, or O-C1.C4 alkyl. 

phaqrl O-beaozyl. 



30 BINAP 2,2'-bis(dipheayJphosphino)-l.l'-binaphthyl 
t-BlNAP 2.2*-bis(di-p-tolylphosphino)-l.l'-binaphthyl 
BINAP in the instant SQ)pficati(ni iqiresents all chiial ligands 
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of 2,2'-bis(diaiylphosphmo>l.r*bmaphthyl and it is 
understood fliat although the specific stereochemxstiy is not 
recited that flie ligand ufiiized is either the R- or the S- 
antqx>de. The selection of the R- or the S-BINAP hgand 
will determine the steieochemistry of the ^ or y- 
hydroxyestcrs and p- or T^hydroxyamides produced. 

* The asterik is being used to represent a specific enantiomer 

which is dq)endmt on tbt stereochemistry of the BINAP 
employed 

1 N/mm2 is equivalent to approxhnately 0J45 psi 

Boc t-butyloxycarbonyloxy 

5 Ms methanesolfonyl 

GOD C^clooctadienyl 

om overlapping multq>let 

The amount of catalyst relative to amount of substrate over 
about 0.02 mote % is not criticaU and excess catalyst will not seriously 
effect yield and enantiomeric purity, but amounts up to about 0.1 mole 
% are quite adequate. 

The concentration of substrate in the alkanol is preferably 
about 0.5 to about 225 M ahhough the concentration is not critical. It 
is preferred that die alkanol solvent be deoxygenated before redbiction 
such as by flowing nitrogen for several minutes. 

Hie strong acid used in the novel process is about 0.1 to 10 
mole % of HCl H2SO4 H3PO4. CMaSOsH, or the Kke, preferably HCl. 
H2SQ4> or CH3SO3H. 

The reaction mixture is agitated by shakmg or stiiring and 
the reduction is accomplished at about 40-50*C and a hydrogen pressure 
of about 50 to about 1400 NAmn2 untU the required hydrogen uptake 
has occurred, usually in about 3-8 hours. Under the above-described 
conditions an enantiomeric excess >97% is routinely achieved for an 
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achiral staiting ^ or y-ketoester and ^ or y-k^txmmie and the leaccion 
is diastereoselective when the starting or Y-ketoesfer and ^- or 
ketoamide is chiiaL 

Tbexe is a dramatic dependmoe of the reaction on low 

5 levels of strong acid. A reaction mixture of a p- or y-ketoester, or a P- 
or Y-ketoamide and catalyst, containmg no acid, was exposed at 345 
N/mm2 (50 psi) of hydrogen at 50X for 24 hoars widi no hydrogen 
uptake. When 1 mole % HCl was added, the reaction went to 
completion in 3 houis. Sulfuric acid was equally effective. 

10 Significantly, the catalyst [Rna(PhH)((R>.BINAP)]Cl, which contains 
no endogenous amine, also shows this add depenifence. A very low 
concentration of acid after neutralization of any basic impurities is 
required for maximum reaction rate. Any fimher increase in acid 
concentration provides no rate enhancement 

15 The catalyst is easily prepared using standard anaerobic 

techniques from ccxnmerciaOy available (cycIooctadiene)nithemum 
dichloride. Filtration of the product using a double m(ted filter 
provides a pure product, [(C2Hs)2NH2]+[Ru2Cl5(BINAP)2l- as a 
solvate, such as, benzene, toluene, xylene, chlorobenzene, or 1,2-, 1,3-, 

20 or 1 ,4-dichlorobenzene, etc. 

Asynmietric reduction of a P-ketoester to tiie 
corresponding oiantiomerically pure p-hydroxyester is an important 
synthetic step in die synthesis of a number of inq)oitant useful chemical 
products such as: 

25 1. The immunosuppressive acmt PK-506 Jones et ah J, Org . 

Chem.. SA. 17-19(1989)); 

2. Colletal (Kedc et al.. J. Org. Chem . 6606^1 1 (1991)); 

3. Carnitine (Tetrahedron I^tter^. 29. 1555-1556 (1988)); 

4. Statme (NisM et al,. Tetrahedron Letters. 22, 6327-6330 
30 (1988); 

5. Gleosporine fSchreiber et al.. J. Amer. Chem. Snc, 1 10, 
6210^218 (1988)). 

Another important type of product involving an 
asymmetric redaction of a P-ketoester in its synthesis is a group of 
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caibonic anhydiase mhO^tofs which are topically effective in the 
treatment of ocular ii^pertrasim and glaucoma associated therewith. 
This class of con^imds has the g^ral structure: 



or a phannaccuticaliy acceptable salt thereof, wherein R is Cus alkyi; 
and Rl is hydrogen, Cl-3 alkyl or Cl-3 aIkoxy-Ci.3 alkyl and are 
disclosed in U*S. Patmt No. 4,797,413, issued January 10, 1989- The 
series of steps in the synthesis depicted below for the topical caibonic 
anhydrase inhibitor, wherein R is defmed as n-propyl and R' is defined 
as metfaoxypropyl, is repres^itative of the process of this inv^on. 




R 
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IS 



20 



25 



O O 1.NaH.BuU,THF * Q Q 
' 2. BrCHsCHjOCHs 



1 

73-77% 



tBuOH ^ / 9. 9 KC2H5)2NH2l-TRU2Cl6((R)^INAP)2]- 



PhCHa.HOV u ------ Hz (150 psi). HCI 

SA molecular 2 MeOH, 40° 

sieves 97% 
76-86% 



TsCI V / Q QTs 




pyritfine 
90% 





TFA 



THF. HCONH2 
77-83% 




-^^--^^^-^S'^^S THF.MeOH ^ 
® 96% 

'TSSf"" -^^-""^s-^S^ 3) H2NOSO3H. MeOH 

30 8a 78-82% 
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1. H2O2. Na2W04. EtOAc 



SO2NH2 2.H2SO4 



9a 



86% 



10 




1 . TS2O, py, ACN 

SO2NH2 

3. nPrNHa 

B6% 



IS 



20 




1 . maleio add 

2. NaHCOo 

3. HCI 

73% 



11 



25 




Tbe novel process of this invention is depicted as 2 3 in 
die above reaction scheme. The enantiameiically puie alcohol produced 
in this step is responsible for installing the optical activity of flie 
carbonic anhydrase inhibitors* Its activation and displacement with 
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inversion provides the opticaily pme 5 which can be cyclized to die key 
intermediate 6 which contains tite carbon skeleton of these compounds. 

The following examples further ilhistrate the use of the 
5 process for ttie pr^aration of the compounds of Formula I and the use 
of this catalyst in this process and, as such, are not be considered or 
constmed as limiting the invention recited in the appmded claims. 

EXAMPLH 1 

10 Catalyst Preparatinn 



(EtaNHaT 

15 




12 




Step A: Preparation of [(C2H5)2NH2j+[Ru2a5((R)-BINAP)2l- 
30 ICH^Ph Stnictufe 12 

(Cyclooctadieiiyl)iutheiiium dicUoritte (214 mg. 0.76 
mmol) and (R>BINAP (500 mg, 0.80 mmol) wae placed in a 50 mL 
round bottom flask and connected to a double ended filter (Kontes 
#215500^044) with a 1(M) mL round bottom flask at the opposite end. 
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Vacuum grease was used to ensure an air-tight seal. Rubber bands were 
a simple and effective way of holding the apparatus togetiier. The 
entire apparatus was evacuated and filled wi^ nitiogen. Dry tohieoe 
(17 mL) and dry iriethylamiM (L7 mL), which had been deoxygenated 

5 widi flowing nitrogm for several minutes^ were added via the lower 
sideamL The vessel was sealed and the mixture heated to 140^C 
producing a (feep brick red colored sohition. After 4 hours the 
apparatus was allowed to cool to room temperature wifli vigorous 
stirring while the catalyst precipitated. The apparatus was vented to 

10 nitrogen and inveited to filter the product using vacuum on the lower 
side ann and nitrogen on the iq>per. Ihe precipitate was washed with 
deoxygenated toluene (17 mL), and die flask containing the filtrate was 
exchanged for an enqrty one. (^^P NMR showed that the filtrate 
contained none of the desired product) Hie entire apparatus was put 

IS under vacuum and ttie product was dried overnight to give 470 mg 
(75%) of a dark red soHd: 

iH NMR (CD2C12, 400.13 MHz) d 8.53(hr s, 2H). 8.07 (t, J=8.8 Hz, 
4H), 7,82 (t, J^S3 Hz. 2H). 7.65 (m, 6H), 7 J5 (m, 4H), 7.47 (m, 4H), 
7.4-7.1 (m, 18H). 6.95 (m, 2H), 6.84 (t, J=7.4 Hz, 2H), 6.8-6.7 (om, 

20 4H), 6.7-6.6 (om. 4H). 6.6^.5 (om, 12H). 3^4 (br m, 6H), 2.3 (s,3H). 
1.45 (t, J=7.3 Hz, 9H) [See figure 1 for 1h NMR spectnunj; 31? NMR 
(CD2C12. 161.98 MHz) 9 56.5 (d. J=38.0 Hz), 52.3 (d, J=38.0 Hz); 
Analysis Calc'd for C99H84CISNP4RU2: 

C 66.39. H 4.73, N 0.78, CI 9.90, P 6.92; 

25 Found C 66.06. H 4.74. N 0.74. CI 9.79. P 6.9L 



Decoupling and spiking e;q)eriments unequivocally 
established the presence of dietfaylammomum ion. At -40^C the 
methylene protons of the dietfaylammonium q>pear as two multiplets at 
30 3.2 ppm. [See figure 2 (a) for iH NMR spectrum] When die triplet at 
1.4 was inadiated the signal at 3.2 ppm appears as two doublets of 
triplets. [See figure 2 (c) for ^H NMR spectram] When the braad singlet 
at 8.53 ppm is iiradiated the signal at 3.2 ppm appears as two doublets 
of quartets. [See figure 2 (b) for ^H NMR spectrum). When 
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diethylamine was added to fht solution the signal at 32 ppm was seen to 
coalesce with the dietfaylamine signal. Triethylamine did not produce 
this behavior. 





St^: Pigparation of Ru^Cl^fOlVBINAPV^ Stnictm« i ^ 
^° The catalyst 12 (12 mg, 6.7 pmol) was loaded into a gas 

tight NMR tube (available fnm Wifanad) which was evacuated and 
refilled with nitrogen. Dry mediylene diloride-tfe (0.8 mL) was 
deoxygenated by bubbling wifli nitrogen for 2 minutes. It was added 
with a thin needle by partially unstt^pprang die tube while nitrogen was 
25 flowing duough the phig, fhishing air away from its mouth. The 
atmosphere over die solvent was inunediatdy purged by car^lly 
evacuating and refilling with nitrogen. Catalyst dissolution was aided 
by ttie use of sonication or a vortex mixer. Methanesulfomc acid (4 |iL, 
62 ^mol) was added to give the desired product: 
30 IH NMR (CD2CI2, 400.13 MHz) 3 8.14 (d, 1=7.9 Hz, 2H), 8.10 (d,d, 
J=9.1.1.6 Hz, 2H), 7.73 (d, J=7.9 Hz, 2H), 7.65 (t, J=7.5 Hz, 2H). 7.59 
(m, 2H), 7.55-7.35 (om, 22H), 7.26-7.09 (om, 18H), 6.82^.77 (om. 
4H), 6.15 (m. 4H). 6.05 (d. J=8.7 Hz, 2H). 5.83 (dd. J=12.3. 7.9 Hz, 



wo 95/18784 



NT/DS95AH)117 



-13- 

4H); 31p NMR (0)202, 161.98 MHz) d 62.6 (d, J=40.3 Hz). 13.7 (d. 
J=40.3 Hz). 

, Hz CI ^ 




CI 

14 



H. 




Si^: Egparation of rRB?CU(fRVBiNAP)?fq2^oi stmrhim m 

A gas tight NMR tube cfflitaining 13 was put under a 
20 hydrog^ atmosfdieie by evacimting and fOIing with hydiogoi at a 

positive pressure of 8 psi. To aisure saturation of die sohition, die tube 
was put on a voitex mixer while attadied to die manifold and stirred for 
10 minutes. 

The IH and 31p spectra indicate dial the hydrogen adduct is 
25 a mixture of confonnational or configiuatiaiial forms. 

iH NMR (CD2CI2, 400.13 MHz) d 8.2-5.8 (om). -9.85. -10.08, -10.2, 
-10.88, -11.12. -11.52: 31p NMR (CD2CI2, 161.98 MHz) d 58.8 (d, 
J=29.7 Hz). 56.2 (d, J«30.4 Hz), 55.1 (d. J=32.4 Hz). 54.9 (d, J=31.7 
Hz). 51.7 (d. J«29.7 Hz), 50.9 (d, J*31.0 Hz), 50.5 (d. J=33.1 Hz), 48,5 
30 (d, J=31 .7 Hz). 47.2 (d, J=30.4 Hz), 46.7 (d, J=33.1 Hz), 46.4 (d, 
J=32.4 Hz), 44.9 (d. J=31.0 Hz). 

The species 13 and 14 have been shown to be active 
catalysts as demonstrated in the following opeiiment: 



W09Sn8784 



vctmsasmnn 



-14- 

To the above nuxtme m^yl acetoao^ate (20 ^L) and 
methanol (100 ^L) were added, and the NMR signals for species 14 
immediately disappeared and mettiyl 4-hydroxybatycate and 13 
appeared. After standing over nig^t, die hdroxy product was isolated. 
> Examination of the (S)-Mosher est^ of methyl 44iydioxybatyrate 
showed the produa to be >90 % a)antion»ric excess. 

EXAMPLE 2 
0 rfC;2H5)9Ml7l±nRu2C^ffRW-BlNAPW»i.tQliiene 



15 




P(PhCH3)g 



•I- RuCijiCOD), 



1.4hr.140»C. Ph 



P(PhCH3)2 



2. fitter 

3. Crystallize from hef^anes 



20 



25 



[EtaNHgl ♦ 




CHRu-CI-Rii-CI 



To a 50 mL round bottom flask was diaiged 500 mg of 
30 (SH-BINAP M97 mg of RuCl2[COD]n polymer 2, 1.4 mL of EtsN 
and 17 mL of degassed toluaie. Hie flask was sealed and heated to 
140°C for 6 hours. Hie dark red homogeneous sohition was cooled to 
ambi^ taiq)erature and tbt sohition was cmceotiated under reduced 
pressure to 8 mL. Then 12 mL of heptanes was added and the solution 
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was stirred for one hoar. Hie Rutbmium polymer precipitated and was 
filtered off via double ^ided filter. The homo^ieoas sohitian was 
concentrated under leduced piessuie to 8 mL. Ilien 12 mL of heptanes 
was added and the solution was stined for one hour. The catalyst 
5 precipated and was filtered off via doubled ended funi^l (schlenk waie). 
The precitate was dried under vacuum, giving 3(K) mg of light yellow 
solid for 55% yield. 

EXAMPLES 

10 

^(C9HS)9^^7ltfRu2 a5ffRVBINAP^2^ *xv]ene 

(Cyclooctadienyl)rttthenmm dichloride (2.14 g, 7.6 mmol) 
and (R)*BINAP (5.00 g, 8.0 mmol) weie placed in a 50 mL round 
bottom flask and connected to a double ended filter (Kontes #215500- 

15 6044) with a 1000 mL round bottom flask at (he oppoate eaid. Vacuum 
grease was used to CTsuie an air-tight seaL The entire apparatus was 
evacuated and filled witti nitrogen. Dry xylenes (170 mL) and dry 
triethylamine (17 mL), wfaidi had been deoxygoiaied wilh flowing 
nitrogen for several minutes* were added via flie lower side arm. The 

20 mixture was heated to 140X producing a deep brick red colored 
solution. After 4 hours the apparatus was aUowed to cool to room 
temperature with vigorous stirring while the catalyst precipitated. The 
apparatus inveited to filter tfie product using vacuum on the lower side 

arm and nitrogen on the upper. The precipitate was washed with 

25 deoxygenated xyl^ (17 tsiL), and the flask containing the filtrate was 
exchanged for an empty one. Tlic entire apparatus was put under 
vacuum and the product was dried ovmiight to give 440 mg (69%) of a 
dark red solid; NMR ((35202, 400.13 MHz) 3 8.07 (t. J=8.8 Hz, 
4H), 7.82 (t, J=83 Hz, 2H). 7,65 (m, J=8.3 Hz, 6HX 7 J5 (m, 4H), 7.47 

30 (m, 4H), 7.4-7.1 (om. 20H). 6.95 (m, 2H), 6.84 (t. J=7.4 Hz, 2H), 6,8- 
6.7 (om, 4H), 6.7-6.6 (om, 4H), 6.6-6.5 (om, 12H), 3.24 (m, 6H), 2.5- 
2.3 (3 singlets, 6H), 1.45 (t, J=73 Hz, 9H); 31p NMR (CD2Ci2. 161.98 
MHz) a 56.5 (d. J:=38.0 Hz), 52.3 (d, J=38.0 Hz). 
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BXAMPLE4 
t-Butvl 3-hvdnixy-6-inedioxv hexanoate 




10 



15 



20 



Preparation of t-butyl 3-keto-6<methDxy hexanoate 
(Ketoester 2^ 



25 



The dianion of methyl acetoacetate, generated wiA sodium 
hydride and n*butyl lithium in THF at -IS^'C, is alkylated with L2 
equivalents of bromoethyl methyl ether. The reaction proceeds in 6-8 
hours to a level of 3 wt% residual starting material and is woiked up 
with methyl t-butyl ether (KfTBE) and saturated ammonium chloride 
sohition. Residual methyl acetoacetate (b.p. 159X) is removed by 
flushing mufe product with four to seven volumes of xylene to provide 
the alkylated ketoester containing <0^ wt% methyl acetoacetate in 73- 
77% yieli 

The methyl ester is transesterified to tiie t-butyl ester in 
95:S-toluene:t-butanol by refluxing the solvit through SA molecular 
sieves. Ihe boihng point of the solvent mixture is 107-111"^ well 
above the boiling point of t-butanol» whidi can be slowly lost from the 
vessel and must be rq>laced as needed. After concentration, the t*butyl 
ester is produced in 95% yield with <1% lemainmg me&yl ester. 



Preparation of t-butyl 3-hydroxy-6-methoxy hexanoate O- 
hvdroxvester 3) 



The hydrogcnation catalyst KC2H5)2NH2]+[Ru2Cl5((R)- 
3Q BINAP)2]* is not commerciaUy available and must be prepared from 
[RuCl2(C0D)]n and OD-BINAP (see Example 1). Twenty gram batches 
are conveniratly prepared in a IL flask. Use of a double ended filter 
allows convenient isolation of the product on this scale. The catalyst, 
whidi can ht handled and wdghed in air, should be stored under 
nitrogen. 
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10 



15 



Asymmetric reduction of ketoester 2 is conducted in 
methanol at 4SX under 1034 N/mm2 (150 psi) hydrogen with 0.09 
mol% (0.4 wt%) [(C2H5)2NH2]+[Ru2a5((R>BINAP)2]-- The reaction 
mixture should be deoxygenated with nilrogCT and ttie vessel flioxonghly 
evacuated and flushed with nitrogen prior to pressurization with 
hydrogen. The reaction is exothermic and requires periodic cooling to 
maintain the temperature at 4S^ After 4 hours hydrogm uptake is 
complete and the catalyst is precipitated with hexane and filtered away. 
Concmtration provides a >97% yield of the alcohol whose enantiomeric 
excess is detemnned to be 97% by proton NMR analysis of the derived 
Mosher ester. 

The hydrogenation reaction is very susceptible to the 
presence of basic impurities and acidification of these with small 
amounts of strong acid is required. 

Transesterificadon during the reaction can result firom 
either high temperatures or the presence of excess amounts of acid. 
Thus, the reaction tonperature should be kept at 45° and the minimum 
possible amount of HQ should be used 



20 



25 



EXAMPLES 



tert-Butvl 3fRVhvdroxvbntvnite 



I O O 



CHa 



15 



16 



30 



tert-Butyl acetoacetate [15] (14.5 g, 90 mmol) and methanol 
(30 mL) wm mixed and deoxygenated widi flowing nitrogra for 5 
minutes in a septum covered Parr shaker bottle. The catalyst prepared 
as described above (36 mg, 0.02 mmol) was added along widi 2N HCl 
(0.041 mL, 0.082 mmol). The mixture was transfened to a standard 
Parr shaker apparatus and flushed by evacuating and refilling with 
nitrogm and dien hydrogen several times. The apparatus was heated at 
40''C with shaking under 50 psi of hydrogen. After 20 min the reaction 
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became a homogeneous clear yellow solution v/indi took up hydrogen 
for approximately eig^ hours. At this time the reaction was complete 
and the mixture was cooled and diluted with hexane (30 mL) to 
precipitate the catalyst, which was filtered away. Hie filtrate was 
5 concentrated to give teit-buty] 3(R)*hydK>xybQtyrate [16] (14,5 g, 
977o). 

EXAMPLE 6 
10 tert^Butvl 3fRVhvdroxybutvrate 

Following the procedure described in Example 3 with the 
exception that 2N H2SO4 was substituted for the 2N HCl tert-butyl 
acetoacetate was reduced to the titled product 

15 SXAMPJLE? 



OH 

~ 0.75% HCKMeOH 



9^ 



NHCH3 



2° Boc o 6 0-25% [Et2NH2r[Ru2Ci5((S)-BiNAP)2] 

^ 40 psi H2. 22h. eooQ 

OH 

MW 272^1 i ^ 




NHCH3 

— — * 



^5 Boc OH O 

Ifi 

MW 274.31 



In a 25 mL round bottom flask with a septum the p-keto 
amide H (1 g) was dissolved in mettianol (4 mLX The solution was 
deoxygenated with nitrogen for 20 minutes and then the finely ground 
[(C2H5)2NH2j+[Ru2Cl5((S)-BINAP)2]- catalyst (15.5 mg) (prepared as 
described in Bxample I) was added. The solution was degassed wifli 
nitrogen for 5 minutes and 2N hydrochloric add (0,092 mL) was 
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added. The mixtnie was cannulated into the leaction pressure vessel. 

The apparatus was teated at 60^C with shaking mufer 40 psi of 

hydrogen for 20 hours. 

After 20 h die leacdon mixture was rmioved from die 
5 reaction pressure vessel. The vessel was rinsed with methanol (3 mL) 

which was combined with the reaction mixture. Hie solution was 

concentrated under reduced pressure to an o£r*white solid. 

The crude reaction mixture gave a 87:13 ratio of die R:S 

hydroxy esters. 
10 The yield was 100%. 

BXAMPLE 8 

0.75% HCI,MeOH 
NHCH3 ' 



15 



20 



25 




0.25% [EtjNHaTIRugCWCSj-BINAPjal 
40 psI H2. 22h, 60«C 



MW 20B.65 




MW 210.65 



In a 25 mL round bottom flask with a septum the P-keto 
amide HCL salt 12 (1 g) was dissolved in methanol (16 mL). Hie 
solution was deoxygenated with nitrogen for 20 minutes and then the 
finely ground I(C2H5)iNH2l+[Ru2Cl5((S)-BINAP)2l- catalyst (20: 
30 (prepared as described in Example 1) was added. The solution 

was degassed widi nitrogen for S minutes and 2N hydrochloric acid 
(0.120 mL) was added. Hie mixture was cannulated into the reaction 
pressure vesseL The apparatus was heated at 60°C with shaking under 
40 psi of hydrogen for 20 hours. 
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After 20 h the reaction mixtuie was mmoved from the 
reaction piessuie vesseL Hie vessel was rinsed with methanol (3 noL) 
which was combined with the reaction mixtore. The solution was 
concentrated imder reduced pressure to an ofiF-white sofid* The orude 
reaction mixture gave a 97:3 ratio of the R:S hydroxy amides« 

The yield was 80%. 



10 



15 



OMs 



Boc Q o 



21 
MW363.40 



NHCH. 



0.75% HCI, MeOH 



0.25% [EtgNHsHRUfiCleaS^BINAPlJ 
1S0psiH2.20h. 40«C 




NHCH3 



Boc OH O 



20 



MW 265.40 



In a 25 mL round bottcHn flask witii a septum the ^-keto 
amide mesylate 21 (0.9S7 g) was dissolved in methanol (2.5 mL). Hie 
2 5 solution was deoxygenated wifii nitni^ for 20 minutes and then die 
. finely ground [(C2H5)2^W2]■«tRu2CI5((S>BIl^)2]• catalyst (1 1 mg) 

(prepared as described m Exanq^le 1) was added The solution was 
degassed with nitrogen for S minutes and 2N hydrochloric acid (0«020 
mL) was added. Hie mixture was cannulated into the reaction pressure 
30 vessel. Hie apparatus was heated at 40X with stirring under 150 psi of 
hydrogen for 20 houis. 

After 20 h die reaction mixture was removed from the 
reaction pressure vessel. Hie vessel was rinsed with methanol (3 mL) 
which was combined with the reaction mixture. Hie solution was 
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concentrated under reduced pressure to an off-white soHd. Hie crude 
reaction mixture gave a 91 .-9 ratio of the R:S hydroxy amide mesylates. 
The yield was 80%. 

5 EXAMPLE in 

fRVTranf;-2-Me| hoxvcarfaonvlcvclopentanol 

2^Nfetboxycaibonyl-cyclopKitan(Hie (4.26 g) was dissolved 
in methanol (S mL) and 0.1 mL IN HCl was added. Hie mixture was 
10 deoxygenated, 1 (36 mg) was added and the mixture was exposed to 
hydrogen at 40 psi and 40° in a Parr shaker apparatus. After6hthe 
reaction was complete, providing a siAgle product (4.10 g) in >95% ee: 
iH NMR (CDC13, 250 MHz) 4.40 (q, J=7.5 Hz, IH). 3.71 (s, 3H), 2.65 
(q. J=7.2 Hz, IH), 2.1-1.5 (m, 6H). 

15 

EXAMPLE 1 1 

Methvl 3-Hvdroxv>2-methvlhntvfatP. 

Methyl S-methylacetoacetate was hydrogenated under the 
2Q conditions set forth in Exan^Ie 2 or 3, to give a 6:4 mixture of trans:ds 
product. Enantiomeric excess of the major isomer was >97%. 

EXAMPLE 12 

2^ Methvl 5-f RVhvdroxwalerate 

A mixture of methyl levulinate (10.0 g, 77 nunol), 
methanol (10 mL) and concentrated HQ (0.4 mL) was deoxygenated 
with bubbling nitrogen for 2 mmutes. [(C2H5)2NH2]+lRu2Cl5((R> 
BINAP)2]- (50 mg) was added and the mixture placed in a standard 
Parr shaker ^paratus. After evacuatiog and flushing with nitrogen 
three times, the mixture was evacuated and exposed to 40 psi hydrogen 
pressure at 40^C for 48 h. The solvent was removed in vacpo to give 
the product (9.90g, 99% yield) wMdi was identical to a commeicially 
available (Aldrich) rac^ic sample by iH NMR. Hie optical purity was 
shown to be 99:1 by obtainmg proton NMR spectrum of the product (1 
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mL) and (5H+)-2^,2-trifhiro-H9-antliiyI)ethairo^ (27 mg) in CDQa. 
Peak assignments were made by spiking wiffa a sanq>le of the racemate. 

Methyl 5-(R)-hydroxyvalerate spontaneously lactonizcs to give 5-(/f)- 
y-valerolactone. 

5 

EXAMPLE 13 

Ethvl 3^hvdroxvhiityrate 

This was prepared fitnn ethyl acetoacetate in ethanol 
10 according to the procedure of Example 4 or 5. Enantiomeric excess 
was measured to be 97%. 1h NMR (CDCI3, 250 MHz) 4.20 (m, IH), 
4.10 (q, J=7.5 Hz. IH), 2.51 (m, 2H). 12 (m, 5H). 



30 



0 
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WHATTSnAIMRHK; 

1 . A process for the asymmetric reduction of a 
P or Y-ketoestcf or p or y4cetoamide of structural funnula: 

5 




10 to form a p or y-hydroxyester or p or y-hydroxyamlde of formula 1: 




wherein: 

Rl is straight or branched C1-C4 alkyl; 
20 XisOorNR5; 

Y is C(R2)2 or a single bond: 

R2 is: H, or straight or branched C1-C6 alkyl; 

25 

R3 is: H, straight or branched C1-C6 alkyl, CH2NHCOR6, or Rl 
and R3 taken together forai a lactone or cyclic amide of 5 
to 7 atoms one of which is an oxygen or nitrogen; 
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R4is: 

(a) CH3. 

(b) CH2CI . 

(c) CH20CH2--\ >— OCH3, 




-jJHCHr^ 



NHBoc 



(e) 



NHBoc 
(0 -CH CHg— 

NHBoc 



is) 



(h) 



I 

Boc 

JDH 



I 

25 Boc 



(0 



I 

H 



0) -CH, ^"^^ 



W CHzCHaCHaCXJHs: 
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20 



R3 and R4 r^resent a caibon chain of 3 to S carbons; 
R5 is H, straight or branched C1-C4 alkyl, or CO2 Ci-C4 alkyl; 



R6 is straight or branched C1-C4 alkyl, or 0-Ci -C4 alkyl, 
phenyl, O-benzyl; 

which comprises treating (he p. or y -ketoester or p- or y -ketoamide in 
a C1-C3 alkanol with a RuQI^BINAP derived catalyst in the presence 
of a strong acid at about 40-50^C and about 50 to 1400 NAnin^ Qf 
hydrogen. 



and 




O 



O 




to form the p-hydroxyesler or p-hydroxyamlde of formula: 




R2 r3 



30 wherein: 



Rl is steaight or branched C1-C4 alkyl; 



XisOorNR5; 



-26- 

R2 is: H, or straight or branched C1-C6 alkyl; 

R3 is: H, straight or branched C1-C6 alkyl, CH2NHCOR6 or Rl 
and R3 taken together fonn a lactone or cyclic amide of 5 
to 7 atoms one of which is an oxygen or nitrogen; 

R4is: 

(a) CHs. 

(b) CHaCt, 

(c) CH2OCH2— \ ^— OCH3. 



(d) 



(e) 




-CHCH5— 



NHBoc 



NHBoc 

(0 -CH CH^ — . 
NHBoc ^ 
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(g) 



I 

Boc 



(h) 



N 
I 

Boc 



10 iDH 



0) 



I 

H 



(k) CHgCHaCHaOCHa; 



R3 and R4 taken together fonn a ring of 5 to 7 caibons, in which 
R3 and R4 represent a caifoon chain of 3 to 5 caibons; 

R5 is H, straight or branched Ci -C4 alkyl, or CO2 Ci -C4 alkyi; 
and 

25 r6 is straight or branched Ci -C4 alkyl, or 0-Ci -C4 alkyl, 

phenyl, O-bcnzyl; 

which comprises treating the ^-ketoester in a C] -C3 alkano] with a 
Rn(II)-BINAP derived catalyst in the presence of a strong add at about 
3 0 40-50^C and about SO to 1400 NAnm^ of hydrogen. 
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3. The process of Chum 1 M^eiem the Ru(]I)-BINAP 
derived catalyst is t(C2Hs)2NH2)+[Ro2a5(BINAP)2]-»solvate. 

4. The process of Claim 3 wheiein the solvate is 
5 selected from tixe group consisting of benzene, toluene, xylene, 

chlorobenzene, or i;2-, 1.3-.or l,4-dicWorobOT2ene. 

5. lire process of Qaim 4 wherein Cl .3 alkanol is 

methanol. 

10 

6* The process of Claim 5 wherein the concentratian of 
the p-ketoester in the reaction mixture is about 0.S to 2.25 molar. 



7. The process of Claim 6 wherein the amount of 
15 catalyst is about 0.02 to OA mole%, 

8. Hie process of Claim 7 wher^ the strong acid is 
selected from the group consisting of HCl, H2504. or CH3SO4. 

^0 9. The process of Claim 8 wherein the concentration of 

the strong acid is about 0.1 to 10 mole %. 

10. The process of Claim 9, wherein the strong acid is 

HCL 

25 



30 
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II. The im)cess of Claim 9 wherein the asymmetric 
reduction of a p^ketoester of stractural fomuila: 



O O 

to Ibrm the ^-hydrcscyester o1 f ormuta: 
10 p OH 



1 5 wherein: 



Rl is straight or branched C1-C4 aikyl; 
R2 and R3 arc: H; 



20 



R4 is ; 



25 



30 
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(a) CH3. 

(b) CH2CI . 

(c) CHzOCHg — ^ ^ — OCH3, 



(d) 



NHBoc 

10 (e) 



-CH - CH2 — \_) ' 



NHBoc 
(0 -CH CHg— CH 
^5 NHBoc 



(g) 



I 

Boc 

JDH 

I 

Boc 



25 



0) 



I 

H 



(I) -OHa ^-''^ 



(K) CHzCHaCHaCX^Hs: 
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R3 and R4 taken together form a ring of 5 to 7 carbons, in which 
R3 and R4 repiesenl a carbon chain of 3 to 5 carbons; and 

R5 is H, straight or branched C1-C4 alkyl, or CO2 C1-C4 alkyl; 

which comprises tieating the P-ketoester in a C1-C3 aOcanol with a 
Ru(II)-BINAP derived catal)^ in the presence of a strong acid at about 
40-50T and about 50 to 1400 NAnm2 of hydrogen. 

12. Hie process of Claim 10 for the asymmetric 
reduction of a p-ketoester of structural formula: 



O O 

to form the p-hydroxye$ter of formula: 
20 O OH 



25 wheiein: 



R1 is methyl, e&yl or t-butyl; and 
R2 and R3 arc: H; 

R4 is CH3, CM2CH2CH3, CH2CH2CH2OCH3, or R3 and R4 taken 
together foim a ring of S caifaons, in whidi R3 and R4 
represent a carbon diain of 3 carbons; 
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which comprises treating the p-ketoester in a C] -C3 alkanol with a 
Ru(II)-BINAP derived catalyst in the presence of a strong acid at about 
40.50°C and about 50 to 1400 NAnm^ of hydrogen. 

1 3. The process of Claim 9 wherein the asymmetric 
reduction of a p-ketoamide of structural fonnula: 



O 



O 



10 




to form tha p-hycb-oxyamide of formula: 



O 



OH 



15 




wherein: 



20 



Rl is straight or branched C1-C4 alkyl; 



R2 and R3 arc: H; 



R4is: 
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20 



30 



(a) CHa. 

(b) CH2CI . 

(c) CHjOCHg — ^ ^ — OCH3, 




-CHCHf- . 



NHBoc 

10 (e) 



NHBoc 

(0 -CH CHg— QH 

I N3H3 
^5 NHBoc 

.OMs 



(g) 

I 

Boc 



25 pW 

H 



(k) CH2CH2CH2OCH3; 
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R3 and R4 taken together foxm a ring of S to 7 carbons, in which 
R3 and R4 tepresrat a carbon dbain of 3 to 5 carbons; and 

R5 is H, straight or branched CI-C4 alkyl, or C02 C1-C4 alkyl; 

which comprises treating tte P-ketoamide in a C] *C3 alkanol with a 
RuCIO-BJLNAP derived catalyst in the presence of a strong acid at about 
40-SOX and about SO to 1400 NAnin^ of hydrog^ 

14, The process of Claim 10 for the asymmetric 
reduction of a P^cetoamide of structural formula: 



O O 

R^NH 



R2 R3 



to form the p-hydroxyan^e of formula: 

O OH 

R'NH 



U UM 
R2 R3 



wherein: 



RWs methyl, ethyl or t->buQrl; and 
r2 andR3 aie:H: 
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H 



5 



which comprises treating the p-ketoamide in a Ci -C3 alkanol with a 
Ru(II)-BINAP (terived catalyst in the presence of a strong acid at about 
40-50^C and about 50 to 1400 NAmn2 of hydrogen. 

15. in a process for the asymmetric reduction of a 
p or y-ketoester or p or y-ketoamide of structural foimula: 



to form a ^ or Y^ydroxyester or fi or r4iydroxyamid8 of formula I: 



in the presence of a Ru(II)-BINAP derived catalyst at elevated 
temperature and pressure, wherein: 

Rl is straight or branched C1-C4 alkyl; 




15 



20 




XisOorNR5; 



30 



Y is C{R2)2 or a single bond; 



R2 iS: H, or stright or branched Ci -06 alkyl; 



'36- 

R3 is: H, straight or branched C1-C6 alkyl CH2NHCOR6, or Rl 
and R3 taken together fonn a lactone or cyclic amide of 5 
to 7 atoms one of wMch is an oxygoi or nitrogen; 

R4is: 

(a) CHa . 

0>) CH2Ci , 





NHBoc 



■CH - CH2 
NHBoc 




W -CH CH^— CH 




NHBoc 



10 



15 



(g) 
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OMs 



(h) 



I 

Boc 



0) 




(I) .CH2 .-^^ ^"3' 



(k) CH2CH2CH2OCH3; 

R3 and R4 taken togettier fom a ring of 5 to 7 caxbons, in winch 
R3 and R4 lepresent a caibon chain of 3 to 5 carbons; 

R5 is H. straight or branched Ci-C4 alkyl, or CO2 C1-C4 alkyl; 
and 

2S r6 is straight or brmched C1-C4 aftyl. or O-C1-C4 alkyl, 

phenyl, O-benzyl; 

and the improv^^ compiises conducting the reduction at about 40- 
50^*0 and about 50 to 1400 N/mm2 of hydrogen, in the presence of a 
30 stfxuig add. 

16, In a process for the asymmetric reduction of a 
3 GT y-ketoester or P or f-ketoamide of stroctural foimula: 



PCT/US9S/00I17 



-38- 



o o 




5 



to form the p-hydroxyester or p-hydroxyamide of formula: 



O OH 



r2 



10 

in the presence of a Ru(ll)-B1N AP derived catalyst at elevated 
temperatare and pressure, wfa^iem: 



R^is straight or branched C1-C4 alkyl; 
XisOorNR5; 

R2 is: H, or straight or brandied C1-C6 alkyl; 

R3 is: II, straight or branched C1-C6 ^yh CH2NHCOR6, or Rl 
and R3 taken together form a lactone or cyclic amide of 5 
to 7 atoms one of which is an oxygen or nitrogen; 



R4is: 



25 



30 
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(a) CH3. 

(b) CH2CI . 

(c) CHjOCHg — ^ h — OCH3, 



10 (e) 



(9) 



(h) 




NHBoc 



^H.O«,-Q. 
NHBoc 
(t) -CH CH^— 0(4^ , 
NHBoc 



JOMs 



1 

Boc 
OH 



f 

Boc 



25 OH 



(i) 



/ 
H 



0) -CH2 °' 



(k) CH2CH2CH2OCH3; 
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R3 and R4 taken together forni a ring of S to 7 catbons, in which 
R3 and R4 xepiesent a carbon chain of 3 to S carbons; 

R5 is H, straight or branched C1-C4 aUcyl. or CO2 C1-C4 alkyl; 
and 

R6 is straight or branched Ci -C4 alkyl. or 0-Cl -C4 alkyl, 
l^rayl, 0-benzyl; 

and the improvement comprises conducting the reduction at about 40- 
SO^'C and about SO to 1400 N/mm^ of hydrogen, in the presence of a 

strong acid. 

15 17. In a process for the asymmetric reductiGn a 

ketoester of stmctural formula: 



10 



O O 

20 R^O 



to form the ^-hydroxyaster of formula: 

O OH 



in the presence of a Ru(II>-BINAP derived catalyst at elevated 
-Q temperature and pressure, wherein: 

rMs methyl, eAyl or t-biityl; and 

R2 and R3 are: H; 



-41 - 

R4 is CH3, CH2CH2CH3, CH2CH2CH20ai3. or R3 and R4 taken 
together foim a ling of 5 carbons, in wMch R3 and R4 
represent a carbon chain of 3 carbons; 

^ and the improvement conq)rises conducting die reduction at about 40- 
SO^'C and about 50 to 1400 N/nmfi of hydrogen, in the presence of a 
strong acid« 

18. In a process for the asymmetric reduction of a 
ketoamide of structural formula: 



15 



0 0 

R^NH 



to form the ^hydroxyamide of formula: 

O OH 



25 



30 



in tiie presence of a Ru(I^BINAP derived catalyst at elevated 
temperature and pressure, wherein: 

R^ is mett^l, ethyl or t-butyl; and 

R2 andR3 are:H; 

R^is: 

.OMs /)H OH 

i I I 

Boc Boc H 
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and the improvemrat ooiqpnses conducting ifae Teduction at about 40- 
50^C and about SO to 1400 H/mnfl of hydrogm, in the piesence of a 
strong acid. 

5 

19. A compound of structural fomiula: 



Ci 

10 I ^Fjul Z Ru 

CI 



IS 




^l^Ql"^ "^P-^ or solvates thereof, 



wherein: p p represents BINAP ort-BINAP. 



20. A c(mq>oiind of structural formula: 



,^\'^Q\'^ ^^p^ or solvates thereof , 




CI 



wherein: p p represents BINAP ort-BINAP. 
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21 . A conq)ound of structural fonnula: 
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CI CI CI or solvates thereof , 

wherein: p p represents BINAP or t-BINAP. 
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